In Azotobacter vinelandii cells, the short-term inhibition of nitrogenase activity by NH4Cl was found to depend on several factors. The first factor is the dissolved oxygen concentration during the assay of nitrogenase. When cells are incubated with low concentrations of oxygen, nitrogenase activity is low and ammonia inhibits strongly. With more oxygen, nitrogenase activity increases. Cells incubated with an optimum amount of oxygen have maximum nitrogenase activity, and the extent of inhibition by ammonia is small. With higher amounts of oxygen, the nitrogenase activity of the cells is decreased and strongly inhibited by ammonia. The second factor found to be important for the inhibition of nitrogenase activity by NH4Cl was the pH of the medium. At a low pH, NH4' inhibits more strongly than at a higher pH. The third factor that influenced the extent of ammonia inhibition was the respiration rate of the cells. When cells are grown with excess oxygen, the respiration rate of the cells is high and inhibition of nitrogenase activity by ammonia is small. Cells grown under oxygen-limited conditions have a low respiration rate and NH4Cl inhibition of nitrogenase activity is strong. Our results explain the contradictory reports descnrbed in the literature for the NH4Cl inhibition of nitrogenase in A. vinelandii.
In Azotobacter vinelandii cells, the short-term inhibition of nitrogenase activity by NH4Cl was found to depend on several factors. The first factor is the dissolved oxygen concentration during the assay of nitrogenase. When cells are incubated with low concentrations of oxygen, nitrogenase activity is low and ammonia inhibits strongly. With more oxygen, nitrogenase activity increases. Cells incubated with an optimum amount of oxygen have maximum nitrogenase activity, and the extent of inhibition by ammonia is small. With higher amounts of oxygen, the nitrogenase activity of the cells is decreased and strongly inhibited by ammonia. The second factor found to be important for the inhibition of nitrogenase activity by NH4Cl was the pH of the medium. At a low pH, NH4' inhibits more strongly than at a higher pH. The third factor that influenced the extent of ammonia inhibition was the respiration rate of the cells. When cells are grown with excess oxygen, the respiration rate of the cells is high and inhibition of nitrogenase activity by ammonia is small. Cells grown under oxygen-limited conditions have a low respiration rate and NH4Cl inhibition of nitrogenase activity is strong. Our results explain the contradictory reports descnrbed in the literature for the NH4Cl inhibition of nitrogenase in A. vinelandii.
In all free-living nitrogen-fixing bacteria examined thus far, synthesis of nitrogenase is repressed after addition of ammonia to the culture medium (2, 4, 11, 13, 15, 17, 19, 21) . In most of the bacteria, except some photosynthetic bacteria, the nitrogenase proteins when measured in cell extracts remain active. Due to dilution and degradation, no nitrogenase activity is detected in cell extracts after several generation times (2, 4, 11, 17, 19) .
In addition to this long-term effect of ammonia, with added ammonia some bacteria are capable of rapidly switching off whole-cell nitrogenase activity. Nitrogenase activity is inhibited within minutes after addition of NH4' to whole cells.
This so-called short-term effect is observed in Azotobacter (5), Rhodospirillum (13), Rhodopseudomonas (8, 21) and Anabaena (20) species. For the phototrophic organisms, inhibition is dependent on the growth conditions (1, 18, 20) . In organisms that fix nitrogen only under fermentative conditions, like Clostridium and Klebsiella species, no shortterm effect of ammonia is found (2, 19) . For bacteroids of Rhizobium leguminosarum, it has been shown that ammonia is not taken up but excreted. Consequently, no inhibition of nitrogenase is found (12) .
In a review Eady (5) noted that the extent of inhibition of nitrogenase activity by NH4Cl in Azotobacter iinelandii is variable. Depending on the authors, the inhibition varied between 30 and 100% (4, 9, 11, 12) . Later Gordon et al. (6) demonstrated that there is no short-term inhibition by ammonia of nitrogenase activity in growing cultures of A. vinelandii.
The results described in this paper resolve the discrepancies as to the extent of inhibition of whole-cell nitrogenase activity in A. vinelandii by NH4Cl. Conditions will be defined under which nitrogenase activity in A. i'nelandii is hardly inhibited by addition of NH4Cl and also those where whole-cell nitrogenase activity is completely inhibited by addition of NH4Cl. * Corresponding author.
MATERIALS AND METHODS
Growth conditions of bacteria. A. vinelandii ATCC strain 478 (AV-478) was cultured on a Burk nitrogen-free basic salt medium (14) and supplied with sucrose as the sole carbon and energy source. Cells were grown in 0.5-liter batches in 2-liter Erlenmeyer flasks shaken at 300 rpm, in a New Brunswick controlled environment incubator shaker at 30°C. After growth of the culture, the optical density was measured at 660 nm. An optical density at 660 nm of 1.0 corresponded to 0.14 mg of bacterial protein per ml. A mutant of A. vinelandii OP (AV-11) was provided by D. V. DerVartanian. The respiratory chain of AV-11 appears to be blocked between cytochromes C4 and C5 and the oxidases o and a, (10) . Cells were grown in the same way as was AV-478.
Measurement of nitrogenase activity of whole cells. A. vinelandii cells were grown as indicated. Cells were harvested by centrifugation for 10 min at 10,000 x g, washed once with distilled water, and suspended in Burk medium to a protein concentration of 30 mg/ml. No differences were observed between washed cells and growing cultures with respect to respiration rate, nitrogenase activity, and the effect of NH4Cl. Cells were stored at 0°C during the course of the experiments. Nitrogenase activity of whole cells was measured in the system described by Haaker et al. (7) . Cells were incubated in 5 ml of Burk medium in a thermostated vessel at 30°C. A closed gas phase consisting of air with 10% acetylene was pumped with an adjustable air pump through the incubation mixture. The free oxygen concentration in the medium was measured with a standard oxygen electrode.
The detection limit of the O°electrode was 1 ,uM 02. The oxygen input rate was calibrated as described earlier (7) . Nitrogenase activity was measured as acetylene reduction by analyzing samples taken from the gas phase at suitable time intervals. By varying the gas flow through the cell suspension, whole-cell nitrogenase activity was measured at different oxygen input rates.
pH studies. Strain AV-478 was grown to a density of 0.5 mg/ml. Cells were harvested by centrifugation, washed once, and suspended in water to a protein concentration of 45 mg/ml. Cells (1.3 mg of protein per ml of incubation mixture) were incubated in the medium containing 25 mM Ntris(hydroxymethyl)methyl-2-aminoethanesulfonic acidNaOH, 2 mM MgCk, 10 mM KCI, and 50 mM sucrose, at the pH as indicated. Cells were equilibrated for 8 min at an oxygen input of 0.9 p.mol of 02 * min-m * mg-'. The wholecell acetylene reduction rate was measured shortly before and after addition of 28 mM NH4Cl. The protein concentration of a cell suspension was determined by the method of Sedmak and Grossberg (16) after 1 min of sonication of the cell suspension. Bovine serum albumin (Sigma Chemical Co.) was used as standard. Materials. Acetylene was purchased from Hoekloos (Amsterdam). Chemicals were of the highest analytical grade and were obtained from commercial sources.
RESULTS
Oxygen dependence of nitrogenase activity. The nitrogenase activity of intact A. vinelandii cells depends on the amount of oxygen present during the assay (3, 7) . This is shown in Fig. 1 for organisms harvested at an early stage of growth. When these cells were incubated at a low oxygen input rate, the nitrogenase activity, measured as acetylene reduction, was low (Fig. 1 ). Under these conditions, addition of NH4Cl caused a strong inhibition of the nitrogenase activity. With more oxygen, the nitrogenase activity in-.
creased to a maximum at an oxygen input rate of 1.7 plmol of 02 * min-' * mg-', when dissolved 02 was almost 10 ,uM.
Addition of NH4CI resulted in only 7% inhibition (Fig. 1 the free oxygen concentration in the medium and on the nitrogenase activity during a whole-cell nitrogenase activity measurement. Strain AV-478 was grown to a density of 0.5 mg of protein per ml and harvested. At t = 0 min, cells (4.5 mg of protein) were added and preincubated at an oxygen input of 1.1 ,umol of Or * min-' mg-'. At t = 5 min, acetylene was added and the oxygen input was set at 1.3 1tmol ofO, * min' * mg-'. At t = 16 min, 28 mM NH4Cl was added. The solid line shows the oxygen concentration detected in the medium. The dashed line shows the total amount of ethylene that was formed.
nitrogenase activity was not inhibited until the free oxygen concentration exceeded 40 pFM (Fig. 1) . Under these incubation conditions, the inhibition of nitrogenase activity by NH4Cl was strong. At an oxygen input of 3.5 jimol of 02 * min-1 * mg-, addition of NH4Cl inhibited nitrogenase activity by 95% (Fig. 1) . From the results it is clear that the percentage of inhibition by NH4Cl is variable. The inhibition is strong when whole cells are incubated at a low or a high oxygen input rate. At an optimum oxygen input rate for maximum nitrogenase activity, NH4Cl is only slightly inhibitory.
When a culture was grown to a greater density and these cells were assayed for nitrogenase activity, a curve similar to that shown in Fig. 1 was obtained. However, due to a lower respiration rate of the cells, no nitrogenase activity could be detected as soon as free oxygen was detectable in the medium. It was also found that the inhibition of nitrogenase activity by NH4Cl was much stronger. But under typical conditions it was possible to demonstrate a stimulation of the nitrogenase activity by the addition of NH4Cl (Fig. 2) . At t = 0 min, cells were added to the incubation mixture. The oxygen input rate was set to a value of 1.1 ,umol of 02 * min-mg-. The cells respired at a rate such that the free oxygen concentration decreased to zero. At t = 5 min no free oxygen was detectable in the medium, and nitrogenase activity was observed (data not shown). When the oxygen input rate was increased to a value of 1.3 pmol of 02 * min-1 * mg-1 (extra 02), free oxygen was detectable in the medium and nitrogenase activity was switched off. At t = 16 min NH4Cl was added to the medium. After a temporary increase, the free oxygen concentration decreased to zero. When the free oxygen concentration was below 5 jiM, nitrogenase activity was observed.
The apparent stimulation by NH4Cl of nitrogenase activity is an indirect effect. Addition of NH4Cl results in an increased respiration rate of the cells, and the nitrogenase activity of the cells is no longer switched off by the presence of free oxygen.
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Effect of NH4Cl concentration. The effect of the NH4CI concentration on the nitrogenase activity of whole cells was studied. In a concentration range of 0.35 to 56 mM NH4CI, no difference in the extent of inhibition was observed. At an initial concentration up to 1 mM NH4Cl, inhibition was fully reversible during the experiments. This can be explained by assuming that all added ammonia was assimilated and nitrogenase activity returned to its original value.
Effect of pH. The pH of the incubation medium is an important factor for the extent of NH4Cl inhibition (Table 1 ). In the absence of NH4Cl, the nitrogenase activity of whole cells did not vary significantly with the pH value of the medium, but the inhibition of nitrogenase activity by NH4Cl was found to be pH dependent. At pH 6.5, the acetylene reduction rate was strongly inhibited by addition of NH4C1. When the pH of the incubation medium was higher, inhibition by NH4Cl was less (Table 1) . At pH 7.5 and pH 8.0, the medium acidified rapidly after addition of NH4Cl, and consequently the inhibition of nitrogenase activity increased with time.
Inhibition of nitrogenase activity by NH4CI at different stages of growth. A growth curve of A. i4nelandii ATCC strain 478 is shown in Fig. 3 . The cells were grown in an Erlenmeyer flask shaken at a constant rate. At the indicated times, samples were taken from the culture and the optical density, protein concentration, nitrogenase activity, and respiration rate of the cells were measured. The nitrogenase activity of the cells was measured at different oxygen input rates (Fig. 1) . The maximum nitrogenase activity and the inhibition of the maximum nitrogenase activity by NH4Cl were dependent upon the growth stage (Fig. 3) . Up to 6.5 h after inoculation, little inhibition of the nitrogenase activity by NH4Cl was observed. When the culture continued to grow, inhibition of nitrogenase activity by NH4CI increased. After 24 h of growth, the nitrogenase activity of the culture was much lower, and addition of NH4Cl resulted in a 70% inhibition of the nitrogenase reaction when measured under optimal conditions. From these results it is clear that the extent of inhibition of nitrogenase activity by NH4Cl depends on the stage of growth. At the end of growth, nitrogenase activity is more strongly inhibited than at an early phase of growth.
We also measured the respiration rate of the cells. It was observed that during growth the respiration rate of the cells (per milligram of protein) decreased with time. This is not surprising, since the oxygen input rate into the culture was constant while the protein content increased. Apparently the respiration rate of the cells adapted to lower amounts of oxygen available per cell. In samples taken from the culture during the first hours of growth, the cells had a high respiration rate. In these cells the nitrogenase reaction was not inhibited when free oxygen was present at detectable .oncentrations in the incubation medium (see also Fig. 1 ). In samples taken from the culture at later than 6.5 h of growth, nitrogenase activity was completely inhibited when free oxygen was detected in the medium. The inhibition of nitrogenase activity by NH4Cl also increased (Fig. 3) . So it seems that in cells with a high respiration rate, nitrogenase activity is relatively insensitive to free oxygen and to ammonia. However, in cells with a lower respiration rate, nitrogenase activity is sensitive to free oxygen and also to added NH4Cl. This phenomenon was even more clearly observed with A. vinelandii OP mutant strain AV-11 (data not shown). When AV-11 was grown to a density such that free oxygen inhibited nitrogenase activity, inhibition by NH4Cl was 100%.
DISCUSSION
Conflicting reports have appeared in the literature concerning the inhibition of nitrogenase activity by added NH4' in whole cells of Azotobacter species (4-6, 9, 11, 12) . Reports of the extent of the short-term inhibition of nitrogenase activity by NH4' varied between 15 and 100%. In this report we show five reasons why this variation can be ascribed to differences in growth and test conditions. First, inhibition by NH4Cl is dependent on the oxygen input rate during the test of whole-cell nitrogenase activity. Under conditions where nitrogenase activity is maximal, the inhibition by NH4Cl is minimal (Fig. 1) . Second, inhibition by NH4Cl is dependent on the pH of the incubation mixture (Table 1) . At a low pH, NH4' inhibits more effectively than at a higher pH. Third, inhibition by NH4Cl is dependent on the growth stage of cells (Fig. 3) . In a culture growing rapidly, cells have a high respiration rate, and the nitrogenase activity is high and only slightly inhibited by addition of NH4Cl. During oxygen-limited growth, the cells have a low respiration rate, and NH4Cl is a strong inhibitor of nitrogenase activity. Fourth, inhibition by NH4Cl is dependent on the carbon source used for growth. In succinate-grown cells inhibition by NH4' addition is stronger than in sucrosegrown cells (12) . Fifth, inhibition by NH4Cl is only found when nitrogenase activity is measured in intact cells. No short-term effect is observed when the nitrogenase activity is measured in cell extracts (17) . Gordon et al. (6) On the contrary Laane et al. (12) found strong inhibition of nitrogenase activity by addition of NH4Cl. In their experiments the high concentrations of protein necessary for flow dialysis experiments were used. Under these conditions aeration of the cells is not optimal, and inhibition by NH4Cl is expected to be strong (see first reason above). Furthermore, these authors harvested cells at the end of logarithmic growth, and we have shown that strong inhibition by NH4Cl can be expected late in growth (see third reason above). We have also shown that it is possible to create conditions in which addition of NH4CI results in a stimulation of nitrogenase activity (Fig. 2) . However, this can be explained by an effect of NH4Cl on the respiration rate of the cells, thus relieving oxygen inhibition.
